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The collector depicted in the diagram is a two-stage depressed col- 
lector, typical of the more efficient TWT’s on the market today. It might 
be 50 to 60 percent efficient in recovering the energy of th spent beam. If 
it is further depressed, a space charge builds up, and electrons are accel- 
erated back down the tube in the wrong direction. Of many bad effects, the 
most obvious is often a burnt-out circuit. 

Reverting to the hydraulic analogy, one might imagine the water splash- 
ing off the roof ana falling down on the fireman. 

IMPROVED MDGs 

Figure c illustrates a NASA Lewis-type multistage depressed collector 
(MDG), with computer generated electron trajectories (ref. £). Half of a 
longitudinal section is depicted, with the axis of symmetry on the right. 
This type of collector was developed and patented at Lewis Research Center, 
with some support from the Air Force. The highly negative spike, at cathode 
potential, disperses the beam and prevents a space charge buildup. Note 
that most electrons impact the side of the collector plates away from the 
tube body. Most secondary electrons, which are kicked out by the primary 
impact, are not accelerated back down the tube. It helps, also, to coat the 
collector with a material which has a low secondary yield. Properly tex- 
tured pyrolytic carbon yields only about one fifth as many secondaries as 
copper. 

Figure J is another collector, which is not bigger nor notably more 
complex than the old style collector it was designed to replace, but it is 
very much more efficient. It should be noted that these collectors work 
best when there is a refocusing section between the tube output and the col- 
lector. The refocusing section, another Lewis patent, collimates the spent 
beam and reduces the variance of the electron velocities. 
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Figure 4 is a family of curves which show the relationship between 
overall TWT efficiency and collector efficiency for different values of 
electronic efficiency. The electronic efficiency is simply the portion of 
the beam power which is converted to rf. These curves ignore other losses 
but clearly show why a typical TWT, with a collector efficiency of about 50 
percent, is only about dO percent efficient, overall. 


Aside from the collector, there are two other large sources of losses 
interception of the beam by the circuit and low circuit efficiency, consid- 
er 1 .^ the circuit as a transmission line. Figure 5 shows the effect of cir- 
cuit efficiency. These losses are usually diff .cult to measure, but one 
will want to know them if he is concerned about buying an efficient tube. 

It is advisable not to be too credulous. The tube salesman may honestly 
think his circuit is 9b percent efficent, but NASA has measured losses as 
low as b8 percent. 


Figure b shows the results of efforts to improve a standard production 
line tube by putting a refocusing section and a multistage depressed col- 
lector on it (ref. 3). The new MDC roughly doubles the efficiency of the 
tube, which is similar to those currently flying in Air Force pods. 


Figure 7 shows that the improved tube can be operated in the linear 
region, far below saturation, and still exhibit acceptable efficiency. Be- 
cause the collector efficiency increases as the electronic efficiency de- 
creases, that is, with decreasing power levels, the tube was useful over a 
10-dB range. Optimized for low power, it was even more efficient, while the 
dc beam recovery was better than 97 percent. A tube for satellite com- 
munications is being built along these lines, designed to operate in a ranqe 
of 4 to 14 dB below saturation (ref. 4). It will be so efficient in the 
no-rf or dc mode that it will not need to be shut off. That should contri- 
bute greatly to reliability. 

COMPUTING TWT EFFICIENCY 

rtitn e'.aoorate computer models, as used at Lewis, it is possible to 
predict tne performance of a TWT to within the precision with which the per- 
formance can be measured. However, anyone can, with a pocket calculator, 
get a fairly good estimate of what the efficiency of a TWT shou’d be. The 
system designer will find this useful, for sizing power supplies and so 

forth. Knowing what a good tube can do will help to keep the salesman hon- 
est. 


The tube salesman can describe what the rf output of a tube is, and 
what the prime power required is. The ratio of these, rf out/dc in, is the 
overall efficiency. To compute what the efficiency might be with an im- 
proved multistage collector, one will need the following data: 

v 0 * the cathode voltage 
lo» the cathode current 

J. The electronic efficiency, n e 

4. The circuit efficiency, n C rt 

5. The interception efficiency, nint 
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One can compute the collector efficiency, nc* dnd then the overall 
eff ic iency; 

rf out n e n crt , , , 

"ov - dc in ’ 1 - n c ♦ \(n e * n jllt ) 

lhe cathode heater power, relatively small, s neglected. 

The vendor will know and l 0 very well, but he may not know 
much about the circuit efficiency or the intercept ion. lhe product 
n e ncrt ’ s approximately the rf output divided by V 0 1 0 , the beam 
power. Try for a good estimate of n cr t, and compute n e * nint 
should be small, 1 or percent for a well focused low frequency tube, but 
perhaps as high as 10 percent at K-band. If the tube lias a depressed 
collector, electrically isolated from the tube body, and the tube can be run 
with the collector undepressed, to avoid backstreaming, then nj n t is 
approximately the measured helix or body current, to ground, divided by the 
beam current, 1 0 . 

That leaves n c » the collector efficiency, to be computed. The col- 
lector efficiency depends on the number of stages and the energy spread of 
the spent beam which is to be collected. As figure b shows, the energy dis- 
tribution is a function of microperveance 

m perveance = ~ tt ~ x (*-) 

y* 3 ' c 
O 

For example, a IwT with a beam current of i ampere and a cathode volt- 
age of aO OuO volts has a microperveance of 1. (lubes with a microperveance 

of mucn more than 1 will be hard to focus with permanent magnets.) 

oo to figure » for a value of f(perv)* This an dS yet nameless 

function, derived at NASH Lewis. 

Next cnoose a number of collector stages, N. Note that N should be 
at least c, with one of the stayes at cathode potential, because at least 
two stages are needed to form the electrostatic 1 1 ns which disperses the 
beam. 


Use this equation to compute the expected collector efficiency, n c . 

f(n e upt>rv) i/j "I 


<- - f(n e uperv) J 

The O.y/ is a "fudge" factor to account for our observation that it is 
tough to exceed y7 or yd percent of the theoretic.il ideal collector effi- 
ciency. The a is a correction for that portion of the beam which is 
wasted because the energy of some electrons is greater than the cathode 


n c = o.y/ 
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potential. For a microperveance of less than i, a is about 0.01; for a 
higher uperv, use 0.0^. 

Then go back to equation (i) to compute the overall efficiency. 


n e n crt 


'ov 


1 - "c * "c ( "e * "int> 
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The result should be within a few percent of reality. It is adequate, 
for example, for estimating how much prime power one will save if one adds 
another stage to the collector. (Generally, there is little to be gained 

with N > b.) 

Table 1 shows that this method of quickly predicting efficiency does, 
in fact, work. The measured and predicted efficiencies are within ^ or 6 

percent. 

APPLICATIONS OF MDC'S 

Since it is possible to double the efficiency of the power amplifier 
tube, it becomes possible to halve the required prime power and reduce the 
cooling to one third. Further, since col lector efficiency increases to com- 
pensate as electronic efficiency decreases, it is now practical to ^ui 
tubes which operate in the linear portion of the gain curve, high-fidelity 

TWT's. 

NEW POWER SUPPLIES 

jne additional opportunity concerns the integration of the tube and the 
power supply. Historically, whenever a new, high efficiency TWT was demon 
strated, it required a new power supply to provide the proper collecto. 
voltages. The power supply, with a custom-built transformer, is a long 
lead-time item, which inhibits change. 

There may be several advantages to using a Capacitor Diode Voltage 
Multiplier (CDVM) power supply, instead of the conventional transformer up- 
Dlies now in use (ref. o). As the schematic in figure 10 shows, it can be 
assembled from parts in the parts bins; there are no custom-built compon- 
ents Further, it is easy to imagine mass-produced modules of diodes and 
editors Sh LlO b/simply stacked toother with a standard chopper, s) 
to deliver any desired voltage-current combination. Multiple taps, for 
multiple collector stages, are "free" by simply tapping between modules. 

Such a stack of modules is easy to package. It has no Urge ho lumps in 
it The CDVM could, for instance, be packaged within the TWT outei cover 
inq elimi..a\ ing hiqh voltage connectors by combining both power supply and 
S in one line-replaceable unit (LKU) , not areally larger than the tube 

itself. 

NASA laboratory work has already found expression in contractor-built 
devices with rather respectable performance, shown in figure ii (ret. /)• 


While the iDVM is already performing at least as well as the typical 
conventional power supply, there is a great deal of potential for improve- 
ment. When energy is stored in capacitors, rather than inductors, it is 
logical to operate at higher frequencies than is done now. That means even 
less weight and less ripple in the output. While transformers have almost a 
century of development behind them, and seem to have reached a plateau of 
performance, we are, with the CDVM, still low on the learning curve. 1 hat 
is where we will stay unless someone shows the initiative to develop the 
CDVM further. 


CONCLUSION 

The technology to build more efficient, lighter, cooler, and more lin- 
ear amplifiers exists today as laboratory demonstrations. NASA Lewis Re- 
search Center can provide reports, computer design programs, and personal 
advice. With the equations given above, it is easy to evaluate the perform- 
ance improvements which can be expected from adoption of the NASA Lewis de- 
velopments. 
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TABLE 1. - COMPARISON OF MEASURED AND PREDICTED VALUES 
FOR COLLECTOR AND OVERALL TWT EFFICIENCIES FOR 
TWO MICROPERVLANCES 
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Figure 5. • Effect of circuit losses on the worm lute effi- 
ciency lor ilictronic efficiency r; ( • o. l$. 









